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Available online 20 May 2016AbstractOil-cracked gas, as the main type of high-over mature marine natural gas in China, is mainly derived from occluded hydrocarbon. So it is
significant to carry out quantitative study on occluded hydrocarbon. In this paper, the occluded hydrocarbon volume of the main basins in China
was calculated depending on their types, abundances and evolution stages by means of the forward method (experimental simulation) and the
inversion method (geologic profile dissection). And then, occluded hydrocarbon evolution models were established for five types of source rocks
(sapropelic, sapropelic prone hybrid, humic prone hybrid, humic and coal). It is shown that the hydrocarbon expulsion efficiency of sapropelic
and sapropelic prone hybrid excellent source rocks is lower than 30% at the low-maturity stage, 30%e60% at the principal oil generation stage,
and 50%e80% at the high-maturity stage, which are all about 10% higher than that of humic prone hybrid and humic source rocks at the
corresponding stages. The resource distribution and cracked gas expulsion of occluded hydrocarbon since the high-maturity stage of marine
source rocks in the Sichuan Basin were preliminarily calculated on the basis of the evolution models. The cracked gas expulsion is
230.4  1012 m3 at the high evolution stage of occluded hydrocarbon of the Lower Cambrian Qiongzhusi Fm in this basin, and 12.3  1012 m3
from the source rocks of Sinian Doushantuo Fm, indicating good potential for natural gas resources. It is indicated that the favorable areas of
occluded hydrocarbon cracked gas in the Qiongzhusi Fm source rocks in the Sichuan Basin include GaoshitieMoxi, Ziyang and Weiyuan,
covering a favorable area of 4.3  104 km2.
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Exploration areaOil-cracked gas, as the main type of high to over-mature
marine natural gas in China, is mainly derived from occluded
hydrocarbon [1e5]. Previous studies reveal that the residual
volume of the occluded hydrocarbon in source rocks is about
40%e60%, up to 70%, in other words, the hydrocarbon volume
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).volume, and most of which will crack into natural gas during
thermal evolution. The volume of occluded cracked gas is
greater than that of the expulsed natural gas at early stage. For
marine strata, most natural gas resources worldwide are formed
due to the secondary cracking of occluded hydrocarbon, thus,
performing a quantitative study on the occluded hydrocarbon is
of great significance to the resources prediction of occluded
hydrocarbon and its cracked gas.1. Research methods
Two methods were adopted for the quantitative study on
occluded hydrocarbon. One is experimental simulationElsevier B.V. This is an open access article under the CC BY-NC-ND license
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carbon can be directly obtained. The other is geologic profile
dissection method (inversion) by which the volume of
occluded hydrocarbon can be obtained through hydrocarbon
expulsion efficiency.1.1. Experimental simulation method (forward)The experimental simulation method is the most direct and
effective method to reveal hydrocarbon generation and
expulsion process and its mechanism. Many Chinese and
foreign scholars have conducted studies in this aspect [6e13].
Through hydrocarbon generation and expulsion simulation
experiment, not only can the component and quantity of
occluded hydrocarbon and expulsed hydrocarbon be directly
measured, but the expulsion regularity and relation of each
component during hydrocarbon generation and expulsion
process can be revealed. Some scholars carried out hydrocar-
bon expulsion experiments and established calculation models
for hydrocarbon generation and expulsion volume in order to
calculate the hydrocarbon expulsion efficiency under the
conditions similar to actual geological conditions. However,
due to the extremely complex geological conditions, it is
impossible to take all the geological conditions into consid-
eration when simulating and modeling the heat-pressure of
hydrocarbon generation and expulsion process. But simulation
results and geologic profile have a certain corresponding
relationship, which can be used to study hydrocarbon expul-
sion efficiency. In order to make the experimental simulation
conditions close to the actual hydrocarbon generation and
expulsion process of source rocks, the experimental parame-
ters were improved. These parameters include temperature,
time, water addition, pore fluid pressure, hydrocarbon gener-
ation space, high temperature and pressure liquid water and
formation water close to the critical state.
In this experiment, a new equipmentdhydrocarbon gen-
eration and expulsion simulator under formation con-
ditionsdwas used, which was independently developed by the
Natural Gas Reservoir-forming and Development Key Labo-
ratory of Langfang Branch of PetroChina Research Institute of
Petroleum Exploration and Development. The instrument
consists of five parts, including high temperature and high
pressure reactor, high-temperature electric furnace, axial fluid
pressure system simulating static rock pressure, automatic
liquid-control pump system simulating formation fluid pres-
sure and product automatic separation and quantitative
collection system (Fig. 1).
In the operation, pressure is applied onto the simulated
cores through hydraulic props, in order to simulate overlying
pressure. Water is injected into reactor chamber through high-
pressure pump, in order to simulate the hydrostatic pressure of
source rocks under geological conditions. The opening degree
of the system is automatically controlled by a solenoid valve.
Before experiment, the entire experimental system is set by a
pressure limit (typically the drive and expulsion pressure of
source rocks) and in a closed state. With the increase of
simulated temperature, the hydrocarbon generation amountand the pressure of the system gradually increase. When the
pressure reaches the threshold pressure of the system, the
solenoid valve automatically opens, source rocks begin to
expulse hydrocarbon, resulting in the pressure decrease of the
system, then, the solenoid valve automatically closes. In this
way, the entire system is always in a dynamic variation pro-
cess of being close and open, which is similar to the hydro-
carbon generation and expulsion possess under geological
conditions. The core of the technique is to simulate formation
lithostatic pressure and formation fluid pressure by improving
the completed close system of the autoclave. The fluid pres-
sure within the reaction system can be controlled and adjusted
when lithostatic pressure is added on source rock samples. In
this way, oil and gas products will expulse from the reaction
system under a restricted condition and excessive secondary
reaction will also be avoided.
The simulation experiment of the hydrocarbon generation
pressurization for source rocks has certain features. First,
simulation temperature can reach up to 700 C, with temper-
ature accuracy error of less than 2 C. Second, the lithostatic
pressure of high-pressure autoclave can reach up to 120 MPa.
Third, high-pressure autoclave can withstand the confining
pressure up to 100 MPa. Fourth, totally closed high pressure
simulation, semi-closed continuous flow simulation (simulta-
neous generation and expulsion/intermittent expulsion) or
totally open simulation (expulsing hydrocarbon through
continuous flow) can be achieved depending on different
geological conditions. Fifth, computer automatically controls
simulation process, displays and records system time, tem-
perature, pressure and production, thereby, simulation process
is automatically controlled.1.2. Geological profile dissection method (inversion)Hydrocarbon generation amount is exponentially related
with temperature (burial depth) (according to Arrhenius law of
chemical kinetics and Connan [14]). Accordingly, the normal
evolution rate of hydrocarbon increases with burial depth. In
semi-logarithmic coordinates, hydrocarbon generation amount
and burial depth present a straight line, which is bent when a
large amount of gas is generated. This is the normal evolution
trend line of hydrocarbon.
Hydrocarbon expulsion efficiency calculation procedures
are as follows [15]. First, a typical well-tie profile was
selected in order to measure the geochemical parameters of
source rocks, including total hydrocarbon content/TOC,
chloroform bitumen “A” content/TOC and S1/TOC, and on
this basis, to obtain a hydrocarbon normal evolution curve.
Then, hydrocarbon expulsion segment was determined. Hy-
drocarbon expulsion would cause geochemical index and
underground fluid pressure to reverse at a certain depth due to
the reduction of hydrocarbon generation rate. Thus, this
reversion resulted from such non-hydrocarbon expulsion
factors as organic matter abundance, kerogen type and
ground temperature should be excluded in order to determine
hydrocarbon expulsion segment. According to measured data,
the variation curve of residual hydrocarbon with depth
Fig. 1. Diagram of natural gas generation simulation under formation conditions.
Fig. 2. Plate of relationship between correction coefficient and thermal
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trend line and residual hydrocarbon curve represents hydro-
carbon expulsion amount and the area enclosed by normal
evolution trend line and vertical coordinate represents hy-
drocarbon generation amount, and based on which, hydro-
carbon expulsion efficiency was calculated, then, the
occluded hydrocarbon amount was obtained. By this method,
the accuracy and reliability of experimental simulation
method can be verified.
However, this method faces some challenges during
application. For example, light hydrocarbon and partial heavy
hydrocarbon will be in loss during the grinding process of
chloroform bitumen “A” and S1 and the residual hydrocarbon
generation potential of kerogen is overestimated by S2. So,
these parameters are needed to be corrected need correcting.
The correction method for heavy hydrocarbon is to conduct
pyrolysis analysis on original samples (S1, S2, Tmax), namely,
first extracting, then performing pyrolysis experiments ðS02Þ.
The heavy hydrocarbon lost in S1 is DS2, DS2 ¼ S2  S02. The
correction method for light hydrocarbon is to recover the loss
ratio of light hydrocarbon using hydrocarbon generation ki-
netics. Fig. 2 is the study results of hydrocarbon generation
kinetics, namely, the relationship plate of light hydrocarbon
correction coefficient (K ) and thermal maturity (Ro) [16].
Actual S1 ¼ measured S1  correction coefficient
(plate) þ measured S1 þ measured S1  DS2; actual chloro-
form bitumen “A” content ¼ measured S1  correction co-
efficient (plate) þ chloroform bitumen “A” content þ ternary
extraction colloid bitumen content.2. Selection of experimental samples
Thermal evolution and organic matter abundance should be
considered when samples which should also be representative
are selected. Core samples in downhole drilling are the best
choice since they are not influenced by weathering. However,
if there are no core samples, fresh outcrop samples under
weathering surface are alternative. The selected samples must
be immature or in low maturity stage; otherwise, they are not
able to reflect the whole process of hydrocarbon generation. If
the samples with low maturity are not adopted, hydrocarbonmaturity of light hydrocarbons.
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abundance should be as high as possible to reduce personal
error. In addition, considering mudstone is the major gas
source rocks in coal measure strata, but with significantly
different property with coal, therefore, mudstone and coal
should be both selected in order to conduct comparative study.
After primary analysis, 12 experimental samples suitable for
simulation were screened out from more than 120 samples,
which have different organic matter types and organic matter
abundance (Table 1) and lay a solid foundation for experi-
mental study.3. Discussion on experimental results3.1. Experimental simulation results (forward)Hydrocarbon generation and expulsion simulation experi-
ment was conducted according to experimental design. The
thermal evolution of source rocks from lowehigheover-
mature was simulated in open system and closed system at five
temperature points, 300 C, 350 C, 400 C, 450 C and
500 C, corresponding to the formation pressure of 40 MPa,
45 MPa, 50 MPa, 55 MPa and 60 MPa. Each temperature lasts
for 24 h. After simulation experiment, gaseous hydrocarbon
and liquid hydrocarbon were separated by gaseliquid sepa-
rator and quantified. Occluded liquid hydrocarbon is
composed of the extractives of chloroform bitumen “A” and
the missing light hydrocarbon after correlation. Light hydro-
carbon was corrected by the difference value between original
core and core þ extractives after extraction. Occluded gaseous
hydrocarbon was frozen, extracted and quantified in confined
conditions. Occluded hydrocarbon volume is the result of
direct quantification. The hydrocarbon expulsion efficiency,
namely the ratio between expulsed hydrocarbon and total
hydrocarbon, is:Table 1
Basic geochemical data of experimental samples.
Sample source Depth/m Area Sample description TOC S0/
(mg$g
Well Yu 24 1587 Daqing Dark gray mudstone 1.40% 0.01
Well Jin 88 1977 Daqing Dark gray mudstone 3.68% 0.02
Well Xing 2 760 Daqing Dark gray mudstone 5.87% 0.02
Well Feng 29-19 2450 Dagang Grayish black shale 7.71% 0.24
Well Yan 14 1938 Dagang Dark gray mudstone 4.72% 0.12
Well Shen 6 1963 Dagang Light gray mudstone 2.27% 0.03
Well Gangshen 50 3396 Dagang Dark gray shale 4.50% 0.06
Well Qi 86 2889 Dagang Gray mudstone 2.26% 0.03
Well Ban 59 3037 Dagang Gray mudstone 1.05% 0.03










Outcrop Ordos Basin Coal 71.4% 0.01
Note: I represents the sapropel type, II1 represents the sapropel prone hybrid type,Hydrocarbon expulsion efficiency
¼ ðexpulsed gaseous hydrocarbon
þ expulsed liquid hydrocarbonÞ=ðexpulsed hydrocarbon
þ occluded hydrocarbonÞ  100%
Combined with the simulation results of each source rock,
the variation trend between the hydrocarbon expulsion effi-
ciency of different types of source rocks and thermal evolution
degree were mapped (Fig. 3).3.2. Geological profile dissection results (inversion)The hydrocarbon expulsion efficiency of key strategic
zones, such as the Qikou Sag of the Bohai Bay Basin, Jizhong
Depression, Ordos Basin, Songliao Basin and Tarim Basin,
were studied by use of geological profile dissection. The
detailed flow chart has been explicated above. Based on
typical individual wells, hydrocarbon index (HI ), pyrolytic
parameter (Tmax) and maturity (Ro), etc. were adopted to
calculate the hydrocarbon expulsion efficiency and classify
different types of source rocks.
The results show that the hydrocarbon expulsion efficiency
of the source rocks of the Qikou Sag is mainly between 20%
and 45%, with an average of 22% and the maximum of about
70%. The Paleocene Es1, Es3 and Es4eEk strata in the Jizhong
Depression are major source beds, with maturity threshold of
about 3000 m. The hydrocarbon expulsion efficiency of the
Palaeogene source rocks of the Jizhong Depression is 10%e
30%, with an average of 17%. For the Ordos Basin, the
Mesozoic JurassiceTriassic strata are the major oil source
beds and Upper Paleozoic CarboniferousePermian strata are
the major gas source beds, with maturity threshold of about
1200 m at present. The Upper Paleozoic coal-measure source
rocks of the Ordos Basin are close to 70% in maximum, with












0.15 8.82 8.96 443 629.66 0.45% I
0.57 29.28 29.85 452 796.00 0.60% I
0.54 47.08 47.62 434 802.10 0.50% I
0.95 52.01 52.96 438 674.58 0.47% II1
0.96 31.58 32.54 424 669.16 0.45% II1
0.57 14.14 14.71 423 622.95 0.52% II1
0.72 17.84 18.56 435 396.55 0.55% II2
0.17 4.51 4.68 441 199.67 0.53% II2
0.11 2.32 2.44 441 221.19 0.51% II2
0.18 0.96 1.13 439 88 0.54% III
126.00 20.59 146.59 415 256 0.46% III
188.10 16.48 204.58 415 280 0.55% III
II2 represents the humic prone hybrid type, and III represents the humic type.
Fig. 3. Variation trend map of the hydrocarbon expulsion efficiency of source rocks with the change of Ro.
503Li J. et al. / Natural Gas Industry B 2 (2015) 499e505strata are major source beds, with features of generating oil in
the upper part and generating gas in the lower part. The
lacustrine sediments in middleeshallow strata are excellent oil
source rocks, while the coal measure in deep strata is gasFig. 4. Quantitative evaluation models of occluded hydrocarbon at tsource rock, with maturity threshold of 1200 m. For the
Songliao Basin, the source rocks mainly generate gas, with
high hydrocarbon expulsion efficiency. The hydrocarbon
expulsion efficiency of the source rocks of the Qingshankouhe thermal evolution phases of different types of source rocks.
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40%, with an average of 16%, but the hydrocarbon expulsion
efficiency of the source rocks in deep strata is 50%e81%.
Through the analysis above, the results obtained from
geological profile and experiment are basically the same with
each other, revealing that experimental data is accurate and
reliable.3.3. Quantification and application of occluded
hydrocarbonFig. 6. Cumulative expulsion of the cracked gas of the high-maturity occluded
hydrocarbon in the Doushantuo Fm, Sichuan Basin.
Fig. 5. Cumulative expulsion of the cracked gas of the high-maturity occluded
hydrocarbon in the Qiongzhusi Fm, Sichuan Basin.Hydrocarbon expulsion efficiency was obtained by forward
and inversion methods. The hydrocarbon expulsion efficiency
of Types I and II1 excellent source rocks is lower than 30% at
the low-maturity stage, 30%e60% at the principal oil-
generation stage (Ro ¼ 0.8%e1.3%) and 50%e80% at the
high-maturity stage (Ro ¼ 1.3%e2.0%), which are all about
10% higher than that of Types II2 and III source rocks at the
corresponding stages. That is because at high- to over-maturity
stage, the cracking degree of occluded hydrocarbon is high,
resulting in a large quantity of light hydrocarbon formed, and
the fluidity of fluids is enhanced, accordingly, thus the hy-
drocarbon expulsion efficiency increased [17,18]. The higher
the organic matter abundance, the better the organic matter
type and the higher the organic matter maturity, the higher the
hydrocarbon expulsion efficiency. The occluded hydrocarbon
of source rocks was quantified to form the quantitative eval-
uation model of occluded hydrocarbon (Fig. 4).
Based on the quantitative evaluation model, the distribution
of occluded hydrocarbon and the expulsion volume of cracked
gas of the marine source rocks in the Sichuan Basin and the
Tarim Basin at moderateehigh stage to present were prelim-
inarily calculated. The occluded hydrocarbon resources of the
source rocks in Lower Cambrian Qiongzhusi Fm, Sichuan
Basin, is 4639  108 t at the high-maturity stage (Ro ¼ 1.3%),
and is 71.1  1012 m3 at present. The total gaseous hydro-
carbon cracked from occluded hydrocarbon is
230.4  1012 m3 (Fig. 5), indicating that the cracked gas of
occluded hydrocarbon has good potential for hydrocarbon
accumulation. The occluded hydrocarbon resources reserve of
the source rocks in the Sinian Doushantuo Fm, Sichuan Basin,
is 233  108 t at the high-maturity stage and is 2.8  1012 m3
at present. The expulsion amount of cracked gas is
12.3  1012 m3 (Fig. 6).
4. Conclusions
1) The hydrocarbon expulsion efficiency of Types I and II1
excellent source rocks is lower than 30% at the low-
maturity stage, 30%e60% at the principal oil-
generation stage and 50%e80% at the high-maturity
stage, which are all about 10% higher than that of
Types II2 and III source rocks at the corresponding
stages.
2) The quantitative evaluation models of occluded hydro-
carbon were established for five types of source rocks
(Types I, II1, II2, III and coal), which provides technicalsupport for the prediction of occluded hydrocarbon and
cracked gas resources potential within source.
3) Based on the quantitative evaluation models of occluded
hydrocarbon, the expulsed cracked gaseous hydrocarbon
is 230.4  1012 m3 in the occluded hydrocarbon of
Qiongzhusi Fm in the Sichuan Basin and 12.3  1012 m3
in the source rocks of Doushantuo Fm, indicating that
Moxi, Ziyang and Weiyuan areas have a good potential
of natural gas resources.References
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